Introduction
Of the various epileptic syndromes, temporal lobe epilepsy (TLE) is the most common disorder in Seizure (2006) Summary In this study the role of adenosine A 1 and A 2A receptors of the hippocampal CA1 region on piriform cortex-kindled seizures was investigated in rats. Animals were kindled by daily electrical stimulation of piriform cortex. In fully kindled rats, N 6 -cyclohexyladenosine (CHA; a selective A 1 receptor agonist), 1,3-dimethyl-8-cyclopenthylxanthine (CPT; a selective A 1 receptor antagonist), CGS21680 hydrochloride (CGS, a selective A 2A receptor agonist) and, ZM241385 (ZM, a selective A 2A receptor antagonist) were microinfused bilaterally into the hippocampal CA1 region. Rats were stimulated and seizure parameters were measured. Obtained results showed that microinjection of CHA (10 and 100 mM) decreased the afterdischarge duration (ADD), stage 5 seizure duration (S5D) and seizure duration (SD), and significantly increased the latency to stage 4 (S4L). Intra-hippocampal CPT increased ADD at the dose of 20 mM. Pretreatment of rats with CPT (10 mM) before CHA (10 mM), significantly reduced the effect of CHA on seizure parameters. On the other hand, microinjection of CGS (200 and 500 mM) increased ADD, but of ZM had no effect on seizure parameters. Pretreatment of rats with ZM (50 mM) before CGS (500 mM), significantly reduced the effect of CGS on seizure parameters. The results suggest that the facilitatory role of the hippocampal CA1 region in relaying or spreading of piriform cortex kindled seizures is decreased by the activation of adenosine A 1 receptors and increased by A 2A receptors. # 2006 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
adults, as well as the most difficult to manage. 1 The kindling model has been most often used to study TLE and seizure propagation (e.g.
2 ). In the kindling, administration of low-intensity daily electrical stimulation to a forebrain site initially produces only a brief electrographic discharge. With repeated stimulations, seizure discharges grow progressively in duration and complexity, and eventually trigger convulsive motor responses. 3 Among different brain regions the piriform cortex (PC) and hippocampus are recognized as two most important structures involved in the development and control of kindled seizures. 4, 5 These two structures are heavily interconnected by reciprocal pathways and the existence of functional interactions have been demonstrated. 6, 7 Thus, limbic and/or kindled seizure activity can spread in hippocampus/PC circuit. 4 One of the most characteristic changes occurring during kindling is the increased propagation of the seizure discharge from the site of stimulation, e.g. PC, to the other sites, such as hippocampus, and the recruitment of those sites into the discharge. 2 In this regard, it may be postulated that neurotransmitters and/or neuromodulators which can affect the neural activity of the hippocampus, may also alter the seizures elicited from the PC. The precise role of these agents remains to be determined.
Adenosine is commonly accepted as a neuromodulator in the CNS, 8, 9 and has been considered as an endogenous anticonvulsant agent, 10, 11 This purine base and its analogues have been shown to be potent anticonvulsants in different seizure models 10, 12, 13 and the levels of endogenous adenosine are dramatically elevated in the brain following seizures.
14 As the main anticonvulsant effects of adenosine are exerted through A 1 receptors, 10, 15 it has been suggested that microinjection of selective A 1 receptor agonists into the regions containing these receptors, should suppress kindled seizures elicited from other brain regions. However, we recently showed that intra-amygdala microinjection of adenosine A 1 receptor agonist had no effect on seizures elicited from entorhinal 16 or PC (unpublished data). In addition, there are controversial results about the role of adenosine A 2A receptors in kindled seizures. [17] [18] [19] Therefore, considering the anatomical connection between the hippocampus and PC, and the existence of adenosine A 1 and A 2A receptors in the hippocampal CA1 region, 13, 20 in this study we tried to determine the effects of microinjection of adenosine A 1 and A 2A receptor agonists and antagonists into the hippocampal CA1 region on kindled seizures elicited by electrical stimulation of PC.
Materials and methods

Animals
Ninety-eight male Sprague-Dawley rats weighing 300-350 g were housed under 12-h light/12-h dark conditions with ad libitum access to food and water. Procedures involving animals and their care were conducted in accordance with the NIH guidelines for the care and use of laboratory animals. All experiments were done between 9.00 and 12.00 o'clock in the morning to avoid the bias of circadian rhythms.
Surgical and kindling procedure
For stereotaxic surgery, the rats were anesthetized with a combination of ketamine (100 mg/kg, i.p.) and xylazine (12 mg/kg, i.p.). Animals were implanted with bipolar stimulating and monopolar recording electrodes (twisted into a tripolar configuration) terminating in the PC (coordinates: A, +0.2 mm; L, 4.8 mm; and 7.6 mm below dura) of the right hemisphere. Two 22-gauge guide cannulae were also implanted in the right and left dorsal hippocampal CA1 regions (coordinates: A, À3.6 mm; L: AE2.3 mm and 2.1 mm below dura). 21 Electrodes (stainless steel, teflon-coated, 127 mm in diameter, AM-Systems, USA) were insulated except at the cross section of their tips. Two other electrodes were connected to skull screws, placed above the left skull surface as ground and differential electrodes.
One week after surgery, afterdischarge (AD) threshold was determined in PC by a 2 s, 60 Hz monophasic square wave stimulus of 1 ms per wave. The stimulations were initially delivered at 10 mA and then at 5 min intervals increasing stimulus intensity in increments of 10 mA until at least 5 s of ADs were recorded as previously described. 22 The animals were then stimulated daily at the AD threshold intensity until five consecutive stage 5 seizures (according to the Racine 23 ) were elicited. The recorded parameters were: AD duration (ADD), the latency to the onset of stage 4 seizure (S4L), stage 5 seizure duration (S5D), total seizure duration (SD) and seizure stage (SS). (Tocris Cookson, UK), a selective A 2A receptor antagonist was dissolved in DMSO and then diluted in ACSF to the desired concentration. pH of solutions was adjusted to 7.3-7.4 using 1N NaOH. The solutions were then sterilized through microfilters (0.2 mm, Minisart, NML, Sartorius, Germany). Drugs were infused bilaterally (1 ml over 2 min) via a 27-gauge cannula, which was 1 mm below the tip of 22-gauge cannula. A different group of rats was used for each of the drug doses employed and for the different time intervals after drug infusion. Most of the rats received only one dose of drug and stimulated at one time. However, some rats were administered the second dose. In these cases, the time interval between two doses was at least 2 weeks. At least six rats were used in each group. The drug dosages and the stimulation time post-infusion were choiced according to our previous studies.
Drug administration
16,22
Microinjection of A 1 receptors agonist or antagonist
In different groups of fully kindled rats, CHA (0.1, 1, 10 and 100 mM) or CPT (10 and 20 mM) was microinjected into the hippocampal CA1 region. Five, 15 and 90 min after the injection, rats were stimulated at AD threshold. In other groups of rats, the effect of intra-hippocampal CPT pretreatment upon administration of CHA was investigated. CPT (10 mM) was microinjected 5 min before CHA (10 mM) and rats were stimulated at 5, 15 and 90 min after the agonist treatment. In each case, 24 h prior to the experiment, rats received ACSF, were stimulated in the same manner and the results recorded as control values.
Microinjection of A 2A receptors agonist or antagonist
Different groups of fully kindled rats received CGS (10, 200 and 500 mM) or ZM (50 and 100 mM). Because the most significant effects of A 1 receptor agonist were observed at 15 min post-infusion, rats were only stimulated at this time. In another group, the effect of intra-hippocampal ZM upon CGS was investigated. ZM (50 mM) was microinjected 5 min before CGS (500 mM) and the rats were stimulated 15 min after the agonist treatment. In each case, 24 h prior to the experiment, rats received appropriate vehicle, were stimulated in the same manner and the results recorded as control values.
Histology
Electrode and cannula locations were determined at the end of procedure. Each animal was deeply anesthetized with urethane and sacrificed by perfusion-fixation with 10% paraformaldehyde by gravity feed through the left ventricle for 15 min. The brains were removed and sectioned on a vibratome. Coronal sections were cut 100 mm thick and examined under microscope for electrode and cannula positions and the presence of any tissue damage. In case of any abnormality, the data from that particular animal were not included in the results.
Statistical analysis
Results obtained are expressed as the means AE S.E.M. and accompanied by the number of observations. A two-way ANOVA was done to compare different groups of animals at different times post-different doses of A 1 agonist and antagonist injections. Also, one-way ANOVA was done to compare different groups of animals at different doses of A 2A agonist or antagonist injections. Comparison of data from animals receiving a drug with their respective control was carried out by paired Student's t-test. However, comparison of normalized data (as % of control) was carried out by Wilcoxon's test. A P-value of less than 0.05 was considered to represent a significant difference.
Results
All kindled rats responded to electrical stimulation with stable stage 5 seizures in either no infused condition or after vehicle infusion. Infused vehicles didn't produce any significant changes in seizure parameters. At the doses employed, drugs did not exert any noticeable effect on behavioral or locomotor activity. Histological assessment indicated that the electrodes and infusion cannulae were positioned in the PC and CA1 region of the hippocampus. As mentioned before, some rats were administered the second dose. These particular rats did not represent the outliers of the measured parameters and were equally divided over the different treatment groups.
Effects of intra-hippocampal A 1 receptors agonist or antagonist
The inhibitory effects of CHA on seizure parameters were evident 5 min after drug infusion. All the measured parameters had returned to normal values (baseline) at 90 min post-drug administration and thus the observed effects could not be related to tissue damage. Different doses of drugs had no significant effects on seizure stage at different time points post-infusion. Intra-hippocampal CHA (1-100 mM) led to significant decrease in the duration of afterdischarges generated from the piriform cortex after electrical stimulation (Fig. 1) . The decreasing effect was evident in the groups, which were stimulated 15 min after drug injection. A twoway ANOVA of resultant data revealed significant effect of dose, time or interaction of time Â dose (P < 0.001).
Likewise, intra-hippocampal infusion of CHA (10 and 100 mM) resulted in the prolongation of latency to the onset of forelimb clonus (S4L; Fig. 2 ). The two-way ANOVA showed no significant effect of dose (P = 0.17), time (P = 0.30) or interaction of time -Â dose (P = 0.28). In addition, CHA reduced the duration of stage 5 (S5D; Fig. 2 ) and seizure (SD; Fig. 2 ) after intra-hippocampal administration at the doses of 10 and 100 mM. Here, there was significant effect of dose (P < 0.05) and time (P < 0.001 for S5D and P < 0.01 for SD), and interaction of time Â dose (P < 0.05).
Bilateral microinjection of CPT into the CA1 region of the hippocampus increased ADD and S5D at the dose of 20 mM significantly (Fig. 3) ; but, had no effect on seizure parameters at the dose of 10 mM. However, pretreatment (5 min) of rats with CPT (10 mM) significantly attenuated the inhibitory effect of CHA (10 mM) on seizure activity. As shown in Fig. 4 , in these groups, there was no significant difference on seizure parameters with respect to their related controls.
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Effects of intra-hippocampal A 2A receptors agonist or antagonist
Intra-hippocampal microinjection of CGS at the doses of 200 and 500 mM significantly increased the afterdischarge duration (ADD, Fig. 5A ), but, had no effects on S4L, S5D and SD. In addition, no change was observed at the dose of 10 mM. The oneway ANOVA showed no significant effect of dose (P = 0.053). Bilateral microinjection of ZM into the CA1 region of hippocampus at the doses of 50 and 100 mM had no effect on seizure parameters. However, pretreatment of rats with ZM (50 mM) before CGS (500 mM), significantly attenuated the CGS excitatory effect on ADD. As shown in Fig. 5B , in this group, there was no significant difference in ADD with respect to related control.
Discussion
Results of the present study showed that in the PC kindled rats, activation of hippocampal A 1 receptors has anticonvulsant but of A 2A receptors has proconvulsant effects on PC kindled seizures.
CHA is a selective adenosine A 1 receptor agonist 24 and there are several studies showing its anticonvulsant effects in different models of epilepsy including kindling. 10, 16, 22, 25 However, to our knowledge there have been few studies on the role of various brain regions in exerting this effect. We have recently shown that intra-amygdala microinjection of CHA has no anticonvulsant effect on kindled seizures elicited from electrical stimulation of entorhinal 16 or piriform cortices (unpublished data). In addition, our previous study showed that intra-amygdala CHA (up to 1 mM) had no significant effect on hippocampal (CA1) kindled seizure parameters with the exception of secondary ADs. 22 Thus, to provide an overall view about the anticonvulsant action of adenosine, it is of importance to determine the exact role of A 1 receptors of different brain regions on kindled seizures.
It has been shown that there is a high concentration of adenosine A 1 receptors in the CA1 region of Adenosine A 1 and A 2A receptors of hippocampal 45 Figure 3 Effect of intra-hippocampal CPT (20 mM) on afterdischarge duration (ADD) and stage 5 duration (S5D) of PC kindled rats at different time points post-drug microinjection (n = 6). Values are mean AE S.E.M., * P < 0.05 and ** P < 0.01 when compared to ACSF treated animals by two-tailed paired t-test. Figure 4 Effect of CPT pretreatment on reduction effects of CHA on afterdischarge duration (ADD), stage 5 duration (S5D) and seizure duration (SD) and on increment effects of CHA on stage 4 latency (S4L). CPT (10 mM) was microinjected 5 min before CHA (10 mM) (n = 6). Values are mean AE S.E.M., * P < 0.05 when compared to control (100%) using Wilcoxon test. the hippocampus 13 and application of A 1 receptor agonists have suppressive effects on hippocampal neuronal activity. 15, [26] [27] [28] In this regard, the study from Lee et al. 29 gave the first evidence for the role of the CA1 region in mediating the anticonvulsant effect of endogenous adenosine. Thus, it may be concluded that in our study, intra-hippocampal injection of CHA could suppress neuronal activity of this region and the observed anticonvulsant action of CHA can be related to this suppression. Also, it can reinforce the idea that, the hippocampus could contribute to the excitatory mechanisms that underlie the propagation of kindled seizures from the PC. 4 Comparing the effect of intra-hippocampal microinjection of CHA on PC-with amygdala-kindled seizures 25 shows that lower concentration of CHA (0.1 mM) is needed to produce a significant anticonvulsant effect on amygdala kindling. It shows that activity of CA1 neurons is more effective on seizure propagation from amygdala than PC.
In the present study, intra-hippocampal injection of CHA significantly reduced the duration of ADs recorded from the PC, in a dose dependent manner. It means that inhibition of neural activity in the hippocampus by CHA can decrease the neural activity of the PC as well. The S4L was also increased by CHA. This parameter is an index of generalized seizure at its start and its increase reveals that hippocampus may play a role in spreading of epileptic spikes from PC to other brain region(s) and/or relaying of these spikes. Decrease of S5D and SD is also another sign of CHA anticonvulsant action. Changes in S4L are because of changes in the duration of seizure stages 1-3. Because the reduction of SD is accompanied with a decrease in S5D and an increase in S4L, it may be concluded that both partial (1-3) and generalized (4 and 5) stages of seizure can be affected by CHA.
All of these effects were antagonized by CPT, which confirms that in our experiments, the anticonvulsant effects of CHA were mediated through activation of A 1 receptors.
The anticonvulsant effects of CHA were evident at 5 and 15 min post-infusion. In our previous report [25] , we showed that a lipid insoluble dye (pontamine sky blue) was spread within 0.8 mm diameters at 5 min and 1.2 mm diameter at 15 min after microinjection (1 ml/2 min) and thus, was restricted to the site of injection. As CHA has low lipid solubility, its effects can be attributed to the activation of A 1 receptors at the injected site (CA1). At the time of 90 min post-injection no drug had any effects probably because of diffusion.
A further finding of this study is that CGS, a selective A 2A receptor agonist, 30 exerts a proconvulsant effect 15 min post-infusion (which is too short to diffuse to other brain areas). This effect was antagonized by ZM (a selective A 2A receptor antagonist 31 ) pretreatment, so, it is a receptor dependent effect. Our results are among the first report about the proconvulsive effect of adenosine A 2A receptors in kindled seizures and are consistence with the observation that A 2A receptor agonist induced clonic and tonic seizures following the application of a subconvulsant audiogenic stimulus. 18 In addition, we also observed that intra-entorhinal cortex microinjection of CGS (1 mM) had a proconulsive effect on PC kindled seizures and significantly increased ADD (unpublished data). However, these are in contrast with previous studies which showed that selective A 2A receptor agonist dose-dependently reduced pentylenetetrazole-induced convulsions 1 and audiogenic seizures in DBA/2 mice 18 and rats. 19 Of course, it has been previously suggested that activation of A 1 receptors may be account for the anticonvulsant activity of CGS. 32 Meanwhile, some investigators showed that the activation of A 2A receptors does not exert any anticonvulsant effects. 33, 34 In addition, some investigators showed a decrease in adenosine A 2A mRNA and receptor bind-
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M. Zeraati et al. ing in striatum and no change in the hippocampus of hippocampal-kindled rats; 35 It has been shown that A 2A receptors activation results in a facilitation of neurotransmitter release. [37] [38] [39] The search of these A 2A receptors has given rise to the idea that they mostly act to fine-tune other neuromodulatory systems 40 and, among others, to control the tonic inhibitory action of A 1 receptors. 38 Thus, it has been suggested that the control by adenosine of neurotransmitter release should be considered as a balance between inhibitory A 1 and facilitatory A 2A receptor-mediated actions. 37 Consistent with this idea, our previous studies showed that intrahippocampal microinjection of a selective A 1 agonist (CHA) reduced amygdala kindled seizures, 25 but of a nonselective A 1 and A 2A agonist (2-chloroadenosine) had no significant effect on seizure parameters. 41 On the other hand, it has been shown that CGS decreases the binding affinity of a selective A 1 agonist 42 and attenuates the ability of the A 1 agonist to inhibit the neural activity in the hippocampus. 20 Thus, it is postulated that CGS effects may be partly exerted through its interaction with A 1 receptors. However, the precise interaction between A 1 and A 2A receptors in kindled seizures remains to be investigated.
In our experiments, CPT increased seizure parameters. Although it is in contrast with our previous research, 16, 22, 25 this effect has been shown in many other brain areas in vivo 10, 43 and in vitro. 44 However, ZM could not produce any change in seizure parameters. Therefore, we can consider the anticonvulsant role for endogenous adenosine of the hippocampal CA1 in PC kindled seizures, which is exerted through A 1 but not A 2A receptors.
On the basis of obtained results, it may be concluded that activation of A 1 and A 2A receptors of the hippocampal CA1 region has opposite effects on PC kindled seizures. Further work is warranted to determine the role of A 1 and A 2A receptors of different brain structures and their interactions in kindled seizures.
